Abstract. The main objective of this research is to integrate geology with remote sensing techniques to establish common characteristic features leading to the recognition of other uranium mineralizations within the Pan-African younger granites of the Eastern Desert of Egypt. The association of aplites, quartz and jasperoid veins and lamprophyric dykes as well as alteration processes throughout and near the mineralized sectors appear to play an important role in the distribution and localization of the mineralization.
Image processing techniques were applied on the digital subset ETM+ data covered the studied areas. These techniques generated several products of enhanced satellite imagery, such as colour composite images, ratio images and principal component images. These techniques have been successfully used in the lithological discrimination of uranium-bearing granites. The capabilities of remote sensing data to characterize the uranium bearing granites, in addition to characterization and mapping the hydrothermal alteration zones usually helps in localization of uranium mineralizations. Extensive field geologic and radiometric investigations to the pronounced zones delineated by the image processing technique, led to discovery of four locations of high radioactive anomalies with some uranium mineralizations, mainly connected to the studied younger granites.
Mineralogical studies were carried out, using ore and scanning microscope and XRD, for some selected mineralized samples. These
Introduction
The granitic rocks are considered as one of the most important source for uranium deposits. Comprehensive exploration programs are conducted by the Nuclear Materials Authority (NMA) to search for uranium deposits in Egypt. These programs led to discovery of radioactive anomalies and uranium mineralizations in the Northern, Central and Southern Eastern Desert of Egypt. The present work concerns with Gabal (G) Gattar, G. El Missikat and G. El Erediya uranium prospects ( Fig. 1 ) as well as they represent the most promising prospects for uranium mineralizations. Image Processing techniques were applied in this work to define the main characteristic features of the granitic rock-bearing uranium mineralizations. The enhanced thematic mapper plus (ETM+) digital data of Landsat 7 satellite was used to recognize and map the investigated areas. The constructed colour composite images and application of principal component analyses of ETM+ data led to identify and characterize the uranium-bearing granites in the investigated areas.
Geology
Gabal Gattar, G. El Missikat and G. El Erediya areas, as a part of the Eastern Desert of Egypt, have been subjected to many geological studies and activities related to the exploration of economic mineral deposits. The granitic rocks of the study areas are leucocratic, highly differentiated with the presence of zircon, monazite, fluorite, iron oxides, and apatite as accessories (Roz, 1994 , El Kassas, 1974 and Bakhit, 1978 . El Kassas (1974) found that the majority of the radioactive anomalies and the uranium occurrences in El Erediya pluton are connected and associated with the aplite dykes and jasperoid veins intruded through pink granites. Nossair (2005) achieved a comparative structural study of both surface and subsurface at G. Gattar pluton. He concluded that the predominant joint and fracture trends recorded at the topographic surface are still persistent and nearly possess the same intensities at the subsurface, escorted with the same types of alteration features.
Geochemically, the granitic rocks of the study areas are characterized by high silica contents (more than 73%), metalumonous to slightly peralumonous, low Fe 2 O 3 , MgO and TiO 2 , rich in alkali elements (Na 2 O and K 2 O), low Th/U ratio, and low
87
Sr/ 86 Sr. They also are rich in trace elements such as Nb, Ga, Zr, Y, U and Th (El Sayed et al., 2003 , Ibrahim, 2002 and Abdalla and El Afandy, 2004 . In the granitic magma of metaulminous nature, the largest amount of uranium contents are bound to the structure of the accessory minerals, especially zircon, that contain abnormally high value of U, ranging from about 3000 to 11000 ppm (Abou Deif, 1992) . This uranium can be easily mobilized and leached only after metamictization, at least 100 Ma after the emplacement of the granite (Cuney, 1999) .
The uranium mineralizations associated with the studied granites occurred after granite crystallization (at least about 100-200 Ma) as indicated by 420 Ma time gap between the emplacement of El Erediya younger granite (583 Ma) and deposition of primary uranium minerals (160 Ma) (Abou Deif, 1992) . The association of aplites, silica and jasperoid veins and lamprophyric dykes around and near the mineralized sectors appear to play an important role in the mineralization processes. They act as heat source causing increase of the mobility of the uranium and its leachability. The tectonic and geochemical characteristics of the studied granites indicated that their magmas originated in post orogenic and within-plate tectonic environment (Greenberg, 1981 and Attawyia, 1990) . Some few works dealing with the image processing techniques and geological interpretations using satellite images for the study areas had been achieved (El Rakaiby and Shalaby, 1992 , El Rakaiby, 1995 , El Rakaiby 1997 , Bishta, 2004 and Mostafa and Bishta, 2005 .
Image Processing of Remotely Sensed Data
The remotely sensed raw data of the studied areas are included in Landsat-7 Enhanced Thematic Mapper Plus (ETM+) data scenes number 175/41 (Path/Row) covers G. Gattar area and 174/42 covers G. El Missikat and G. El Erediya areas. Subsets of the digital ETM+ imagery covering the studied areas were obtained. The image processing techniques were applied in this work using ENVI 3.4 and PCI, GeoAnalyst software-package. Geometric correction has been done for the digital data of the ETM+ bands of the study areas. Raw digital satellite data usually includes geometric distortions due to sensor geometry, scanner, platform instabilities, earth rotation, earth curvature, etc. and it is necessary to correct and adapt them (Mather, 1987 , Lillesand et al., 2004 , Richards, 1995 . The georeferencing is carried out using ground control points selected from topographic sheets of scale 1:50,000.The root mean square error (RMS) in the geometric processing was 0.54 (Bernstein, 1978) . The following parameters have been used in the registration procedures: UTM Projection, Zone 36N, Row 42 and Datum Egypt.
Image enhancement techniques were applied to the selected subset of the ETM+ data for the two study areas of Gattar pluton and El Missikat and El Erediya plutons. The achievement of the goal of the application of remote sensing techniques on the studied granites led to identify and characterize the studied uranium-bearing granites based on the different remote sensing processes of ETM+ data such as color composite image, principal component and band ratio images.
1-Colour Composite Images of ETM Data
Digital images are typically displayed as additive colour composites using the three primary colours, red, green and blue (RGB). Different spectral bands of ETM+ data have been selected and combined in RGB colour system to make colour composite images for the studied areas. These combinations were tried to select the best colour composite ETM image to be useful in extracting meaningful information about visual lithological discrimination of the studied granitic rocks such as combination of ETM bands 7, 4 and 2 (Fig.2) . 
2-Principal Component Analysis of ETM+ Data
Different bands of multispectral data are often correlated and thus contain similar information i.e. have similar visual appearances. This correlation means that there is redundancy of information. The principal components (PC) transformation is used, to reduce this data redundancy, by compressing multispectral data sets and calculating a new coordinate system (Sabins, 1999) . The application of the PC on the present data is to compress all of the information contained in an original n-channel (band) data set, into fewer number of channels or components, that could be displayed separately as single stretched PC-images, or as component in color composite PC-image (Vincent, 1997) . The colour composite image of principal components PC1, PC2 and PC3 for the studied areas successfully distinguish and characterize the studied granites of Gattar, El Missikat and El Erediya granites (Fig. 3) . 
3-Band Ratios of ETM+ Data
Addition, subtraction, multiplication and division of the pixel brightness from two bands of image data to form a new image are particularly simple transformations to apply in image processing technique. Multiplication seems not to be as useful as the others, band differences and ratios being most common. Differences can be used to highlight regions of change between two images of the same area. Ratios of different spectral bands from the same image are found useful in reducing the effect of topography and for enhancing subtle differences in the spectral reflectance characteristics for rocks and soils (Richards, 1995) . The use of the band ratio technique was applied to the satellite ETM+ Landsat 7 digital data for the study areas. Sultan et al. (1986 Sultan et al. ( , 1987 used band ratios of the digital data of Landsat thematic mapper for lithologic mapping in the Eastern Desert of Egypt. They used ratios of TM bands 5/1, 5/7 and 5/4X3/4 for constructing a colour composite image. These band ratios were applied for constructing a colour composite image of the study area as shown in Fig. 4 (c) .
The reflectance values in band 7 (2.08 to 2.35 µm) of TM data depend mainly on the hydroxyl content of the rocks. The ratio of band 5 to band 7 was used as a measure of the intensity of the hydroxyl absorption (2.2 to 2.4 µm region). This ratio was used because band 5 is not within the confines of the Fe -bearing aluminosilicate related or hydroxyl-related absorption features, whereas band 7 is within the hydroxyl absorption wave lengths (Sultan et al. 1987) . The high value of band 5/7 ratio appears in light tone due to the high content of hydroxylbearing minerals (characterizing the metavolcanics and Dokhan volcanics). The younger granitic rocks are poor in hydroxyl bearing minerals and opaques so they show lower band 5/7 ratio and appear in dark tone (Fig. 4 a & b) .
The spectral band ratio is one of the most common powerful techniques applied for mapping the minerals of alteration zones (clay, alunite and iron minerals) (Sabins, 1999) . Recognition of hydrothermal altered rocks associated with mineral deposits was carried out using image processing techniques such as band ratio images in addition to colour ratio composite images. The spectral bands of ETM+ are wellsuited for recognizing assemblage of altered minerals. The hydrothermal minerals that were detected by the Landsat image processing of the data of selected areas could be classified into two groups: hydroxyl (clay minerals) and hydrated mineral (alunite and jarosite) detected by band ratio 5/7 (Fig. 4 a & b) on one hand, and minerals containing iron (hematite and goethite,) detected by band ratio 3/1 on the other hand (Fig. 4 c & d) . Appling these techniques led to the recognition of more than fifteen zones of altered rocks within the studied granites.
4-Colour Composite ETM+ Band Ratio Images
Colour composite images have been constructed using combination of three ETM band ratios. Different ETM band ratio combinations were carried out to select the optimum colour composite image to use in the visual lithologic discrimination of the investigated area. Some of these combinations are illustrated in (Fig. 5) . The best selected result was the colour composite image produced by the combination of bands 5/7, 4/5 and 5/1 (Fig. 5 ).
This selected image was prepared (scale 1 : 100,000) as shown in (Fig. 5 ) in which band 5/7 image was assigned by the red component, band 4/5 image by the green component and band 5/1 image by the blue component. The selected colour composite image (Fig. 5 ) diagnoses some aspects between the different rock units, which was not obviously identified in the FCC image in (Fig. 3) . For example, it determines and delineates the intrusions of the youmger granitic rocks (green colour) into the Dokhan volcanics (rose colour), in Gabal Abu Dokhan and Gabal Um Guruf. The younger granitic rocks display green colour in this image (Fig. 5 ) due to the high band 4/5 ratio. The metavolcanics (mv) appear on this image in blue colour due to the high band 5/1 ratio. The boundaries between the metavolcanics, the younger granites and the older granites could be delineated in the southern part of the mapped area using the colour composite image of ratio bands (Fig. 5) . 
5-Lineaments Extraction
The automatic lineaments extraction from Landsat ETM+ panchromatic band of the study areas was carried out under the default parameters of GeoAnalyst-PCI package. These lineaments have been visually edited to extract only the structural lineaments. The obtained total structural lineaments for Gattar pluton scored 1456. The rose diagram of these lineaments shows that their predominant trend is NE-SW (Fig. 6) . The zones of high lineament intensities concentrated at the extreme northern part of Gattar pluton (prospect area), western part of the pluton (G. Thalma) and at G. Abu El Hassan El Ahmar. The intersected lineaments, on the other hand, are found to be restricted and concentrated only in the northern part of the pluton (prospect area) and in narrow zones of G. Abu El Hassan El Ahmar (Fig. 6 ).
The extracted structural lineaments for El Missikat pluton measured 984 in number. The rose diagram of these structural lineaments indicates that the predominant trends are represented by the ENE-WSW and NE-SW directions (Fig. 7) . The northwestern part of El Missikat pluton (West of the prospect area) and the western parts posses the highest lineaments density, while the northwestern and central parts of the pluton are characterised by the oncentration of lineaments intersection.
Regarding El Erediya pluton, the extracted structural lineaments (Fig. 8 ) measured 331 in number and their rose diagram indicate that the most predominant trend is NE-SW direction. The central and southern part of the pluton posses the highest intensity of lineaments, while the lineaments intersected zones are represented by the southern west and northern parts of El Erediya pluton.
It could be concluded that the alteration zones and/or mineralized zones in the investigated areas, delineated by band ratio images of the studied granites coincide more or less with high lineaments intensity and/or high lineaments intersection or both together.
6-Image Criteria of the Study Areas and the New Discovered Uranium Mineralized Zones
From the previously studied remotely sensed data, it is worth mentioning that there are many criteria of the alteration zones that could be used as a guide for the exploration of uranium mineralization in the Egyptian younger granites. Table 1 lists the most important criteria that can be considered as tools to increase the potentiality of the uranium mineralization. Moreover, construction of the alteration maps of the different studied plutons interpreted from the image processing helped in the discovery of the new zones of mineralization (Fig. 9, 10 & 11) and could be used in the exploration for uranium mineralization in the future.
The methods applied in this work for the exploration of hydrothermal uranium mineralization using satellite image processing, are based on the surface spectral features characteristic of this type of hydrothermal uranium mineralization, that, will allow favourable areas for exploration. The occurrence of hydrothermal altered rock is one of the main features that can be utilized to determine the localization of uranium mineralization. By comparing the intensity of the extracted structural lineaments, and their intersections to the altered zones, depicted from remote sensing processing technique, it could be recognized that the alteration zones, more or less coincide with the high frequency and intersected lineaments. The distribution of hydrothermal alteration within the processed Landsat images become the key to locate the main outflows of a hydrothermal system, which led, after the field checking, to recognize highly radioactive anomalies and mineralized zones within the study areas. Therefore, many locations are delineated in this work as altered zones, whether by clay minerals, jarosite and alunite or by iron oxides. Iron oxides are frequently observed in the outcrops of hydrothermally altered rocks. Therefore their identification is a useful key to define areas related to deeply mineralized zones (Fig. 9, 10 & 11 ).
Field Proving with Laboratory Investigations
Extensive geological, field proving and radiometric investigations were carried out for the alteration zones (Fig. 12) , delineated in the studied granites by the Landsat image processing. During the field works, the radiometric investigations revealed that the gamma radioactivity of all altered zones is relatively high. The only four locations discovered as high radioactive anomalies with some uranium mineralizations, are mainly connected to the studied younger granites, while the other zones were not subjected to detailed investigations due to the rugged topography of their host rocks. Two of these four newly discovered high radioactive anomalies and uranium mineralized zones are located at the western and northwestern parts of G. El Missikat granite. The third one is located at the northern part of El Erediya pluton, while the last one is found at the northern part of G. Gattar at Wadi Mayet El Abd. Table 2 shows the content of equivalent uranium, equivalent thorium and potassium for some collected samples, determined by gamma ray spectromter.
The mineralized zones of El Missikat granites are found to be mainly connected or hosted by the silicified and jasperoid veins that follow the direction of the strong and nearly vertical shear zone striking N40 o to 85 o toward the SE and ESE respectively (Fig. 12) . The radioactive anomaly at the northern part of El Erediya pluton, is mainly connected and hosted by highly altered and weathered silicified and jasperoid veins. It is structurally controlled by ENE-WSW shear zone. One of the striking features of this anomaly is its high content of equivalent thorium than equivalent uranium content. This could be attributed to the surficial leaching of large amount of uranium relative to the thorium contents, by the effect of weathering, leaving the immobile thorium as the predominant radioactive element in this area.
Along the fracture zone of Wadi Mayet El Abd at G Gattar, the mineralized part is hosted by 0.25m thickness jasperoid vein at the contact between a basic dyke and the host granite (Fig. 12) Spectrometric, X-Ray diffraction (XRD), scanning electron microscope (SEM) and petrographic studies of the rock samples collected from the new discovery mineralized zones have been carried out to determine the mineral assemblages. The uranium minerals could be recognized only from three localities; west and northwest of G. El Missikat and in the northern part of G. Gattar at W. Mayet El Abd. The (XRD) investigation confirmed the presence of uranophane minerals {Ca(UO 2 ) 2 (SiO 3 ) 2 (OH) 2 .5H 2 O} as uranyl silicates. This mineral is found in close association with hematite, quartz, calcite and chlorite. The ore microscopy and SEM examinations were compiled in order to identify the uranium mineral associations of the new discovered uranium mineralization. These investigations revealed the presence of uranium mineral (uranophane) as acicular needle form filling the microfractures and along the cleavage of biotite. The sulphide minerals associated with the uranium mineralization were found as relics of pyrite grains disseminated in the groundmass and filling some vugs and cavities. Pyrite is usually corroded and subjected to progressive stages of alteration in which the crystals are partially or completely altered to goethite (Fig. 12) . It is worth to mention that the uranium mineralization is found adsorbed and enclose pyrite crystasls. This could indicate that the presence of pyrite created a reduced environment favorable for the precipitation and fixation of uranium.
Summary and Conclusions
This study aimed to use the capability of remote sensing techniques integrated with geological investigations to characterize the uranium bearing granites and to detect hydrothermal alteration zones, and their associated structures suitable for uranium mineralization. Two study areas including the most promising uranium bearing granites were selected; the first one represented by the area of Gattar uranium prospect, located at the northern part of the Egyptian Eastern Desert, while the second area is includes both El Missikat and El Erediya uranium prospects, located at the central part of the Eastern Desert. The achievement of the goal of the application of remote sensing techniques on the studied granites led to identify and characterize the studied uranium bearing granites based on different remote sensing processes of ETM+ data, such as colour composite image, principal component, and colour ratio composite images.
Recognition of hydrothermal altered rocks associated with mineral deposits, was carried out using image processing technique such as band ratio images, in addition to colour ratio composite images. The spectral bands of ETM+ are well suited for recognizing assemblage of altered minerals. The hydrothermal minerals that were detected by the Landsat image processing of the data of selected areas could by classified into two groups: Hydroxyl (clay minerals) and hydrated mineral (alunite and jarosite) detected by band ratio 5/7 on one hand, and minerals containing iron (hematite and goethite) detected by band ratio 3/1 on the other hand. Applying these techniques led to recognize more than fifteen zones of altered rocks within the studied granites. The association of aplites, quartz and jasperoid veins and lamprophyric dykes and alteration processes throughout and near the mineralized sectors, appear to play an important role in the distribution and localization of the mineralization.
Image processing techniques are applied to the digital subset ETM+ data of the studied areas. These techniques generated several products of enhanced satellite imagery such as colour composite images, ratio images and principal components. These techniques have been successfully used in the lithological discrimination of uranium-bearing granites. The capabilities of remote sensing data to characterize the uranium bearing granites in addition to characterization and mapping the hydrothermal alteration zones usually help in localization of uranium mineralization. Extensive field geologic and radiometric investigations to the zones delineated by the image processing technique led to the discovery of four locations of high radioactive anomalies with some uranium mineralization, mainly connected to the studied younger granites. Two of these four newly discovered high radioactive anomalies and uranium mineralized zones are located at the western and northwestern parts of G. El Missikat granite. The third one is located at the northern part of El Erediya pluton, while the last one is found at the northern part of G.Gatter at Wadi Mayet El Abd. It is worth to mention that there are many criteria of the alteration zones that could be used as guides for the exploration of uranium mineralization in the Egyptian younger granites. This work showed the most important criteria that are considered as tools to increase the potentiality of the uranium mineralization. Moreover, construction of the alteration maps of the different studied plutons, interpreted from the image processing helped in the discovery of new zones of mineralization, and could be used in exploration for uranium mineralization in the future. 
